The discovery of the alternative pyrimidine biosynthetic (APB) pathway for the synthesis of the pyrimidine moiety of thiamine has raised an interesting question about how the cell coordinates two pathways which are apparently redundant for the synthesis of 4-amino-5-hydroxymethyl-2-methylpyrimidine pyrophosphate (HMP-PP) (13) . To address the contribution of the APB pathway to cellular thiamine pools, it is necessary to understand both the biochemistry and the regulation of the other pathway(s) also involved in thiamine biosynthesis.
Although thiamine pyrophosphate (TPP) is a cofactor for a number of well-characterized enzymes (e.g., transketolase, pyruvate dehydrogenase, and ␣-ketogluterate dehydrogenase), its synthesis and regulation remain poorly understood. Previous work had identified mutations of Salmonella typhimurium which were thought, on the basis of the nutritional requirement that they caused, to be in loci involved in thiamine biosynthesis. It is important for us to understand these loci both in the context of the work recently done with Escherichia coli (3, 34) and with respect to apb loci involved in alternative pathways for thiamine synthesis.
Thiamine monophosphate (TMP) is formed by coupling two precursors, 4-methyl-5-(␤-hydroxyethyl)thiazole monophosphate (THZ-P) and HMP-PP (Fig. 1) . The thiazole moiety is thought to be derived from cysteine, tyrosine, and 1-deoxy-Dthreo-2-pentulose (10, 12, 17) , while the pyrimidine moiety (HMP) is thought to be derived from aminoimidazole ribotide (AIR), an intermediate in purine biosynthesis (16, 18) and a proposed intermediate in the APB pathway (13) . In E. coli, five kinases involved in TPP formation have been identified, and their genes have been mapped; thiL (min 10) encodes TMP kinase (22) ; thiK (min 25) encodes thiamine kinase (22) ; thiM, thiN, and thiD (min 46) encode THZ kinase, HMP kinase, and HMP-P kinase, respectively (22, 27, 28) . Clearly, in E. coli and S. typhimurium, the genetic loci involved in thiamine synthesis are map throughout the chromosome (2, 31) . In E. coli, other loci involved in thiamine synthesis were mapped to the min 90 region of the genome. In S. typhimurium, an additional locus, thiI, was found (31) . The thi cluster of E. coli at min 90 was sequenced and shown to contain five genes designated thiCEFGH (34) . Thiamine synthesis in thiC mutants was restored upon addition of HMP to the medium; thiamine synthesis in thiE, -F, -G, and -H mutants was restored by the presence of THZ in the medium. The thiE gene product was shown in vitro to catalyze the condensation of HMP-PP and THZ-P to yield thiamine phosphate (3) . This result predicted that thiE mutants should be auxotrophic for thiamine, not for THZ as indicated by the in vivo data. This hypothesis was supported by the finding that the thiE gene is homologous to the yeast thi4 gene, whose defect causes a nutritional requirement for thiamine (40) . To explain this inconsistency, Backstrom et al. suggested that the thiE mutant that they used was phenotypically corrected by thiazole because it carried a point mutation affecting the K m of ThiE for THZ. Null mutants of thiE and their phenotype in E. coli have not been described.
Previous work in E. coli showed that genes in the thi cluster at min 90 were coregulated, and it has been suggested they form an operon (23, 24, 34) . We report here data supporting an operon structure at min 90 in S. typhimurium and demonstrate that this operon is transcriptionally regulated by thiamine. The isolation of regulatory mutants which affect the transcriptional regulation the thi operon at 90 min on the Salmonella genetic map is also described.
MATERIALS AND METHODS
Bacterial strains. All strains used in this study are derived from S. typhimurium LT2 and are described in Table 1 . MudJ is used throughout the manuscript to refer to the Mud1 1734 transposon, which has been described previously (6) , and Tn10d(Tc) refers to the transposition-defective mini-Tn10 (Tn10⌬16⌬17) described by Way et al. (36) . Plasmid pVJS717 containing E. coli thi sequences was obtained from Valley Stewart (Cornell University) and has been described elsewhere (34) .
Culture media and biochemicals. No-carbon E medium supplemented with MgSO 4 (1 mM) and glucose (11 mM) was used as a minimal medium (11, 35) . Difco nutrient broth (NB; 8 g/liter) with NaCl (5 g/liter) was used as a rich medium. Difco BiTek agar (15 g/liter) was added for solid medium. The following additives were included in the medium as needed (final concentrations are given): HMP (1 M), THZ (1 M), 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal; 20 mg/liter), and thiamine (1 to 100 M as specified for each experiment). Antibiotics were added as needed to the following concentrations in micrograms per milliliter (rich/minimal): tetracycline, 20/10; kanamycin, 50/ 125; and ampicillin, 30/15. All chemicals were purchased from Sigma Chemical Co. (St. Louis, Mo.).
Transductional methods.
All transductional crosses were performed with the high-frequency, generalized transducing bacteriophage P22 mutants HT 105/1 and int-201 (33) as described elsewhere (14) .
Mutant isolation. (i) thi auxotrophs. Thiamine auxotrophs were isolated by insertional mutagenesis using MudJ. A pool of cells containing Ͼ80,000 independent MudJ insertions was generated as described previously (21, 25) . A P22 lysate was grown on these cells and used to transduce wild-type LT2 to kanamycin resistance (Km r ) on nutrient plates. The Km r transductants were replica printed to minimal kanamycin and to minimal kanamycin supplemented with 100 M thiamine. Clones growing only in the presence of thiamine were purified, and the mutant was reconstructed by transducing the insertion into a fresh genetic background and then further characterized.
(ii) Regulatory mutants. Mutants affecting thi regulation were isolated by transducing DM62 (thi-884::MudJ) to tetracycline resistance (Tc r ), using a mutagenized phage lysate. A phage lysate grown on a pool of cells containing Ͼ70,000 independent Tn10d(Tc) insertions was mutagenized with hydroxylamine as described previously (11, 20) . Tc r transductants were replica printed to minimal plates containing X-Gal, thiamine (100 M), and tetracycline. These plates were screened visually for bright blue colonies, which were picked and verified as to phenotype. Two mutants showing elevated ␤-galactosidase synthesis in the presence of thiamine were isolated. A P22 lysate was grown on these strains and used to transduce DM62 to Tc r . Linkage of the thiR mutation to the Tn10d(Tc) element was determined by taking the ratio of bright blue clones per number of Tc r clones. Duplication formation. A modification of the method of Chumley and Roth (8, 21) as described by Archer and Elliott (1) was used to construct a tandem duplication of the metE-thi region. P22 lysates were grown on two strains carrying MudA insertions of opposite orientation in metE (TT7864 and TT7858). These phage lysates were used to transduce DM460 (thiH910::MudJ) to ampicillin resistance (Ap r ). Ap r Met ϩ strains arose only in the cross involving TT7864, not in control crosses using LT2 as a recipient. The presence of a duplication in the resulting Ap r Met ϩ strain was confirmed by isolating Ap s segregants after 24 h of nonselective growth. The duplication was backcrossed into LT2 and saved as DM1679, a prototrophic strain duplicated for the region between metE and thiH. Nutritional tests. Nutritional tests were performed as follows. Cultures were grown overnight in nutrient medium. Cells were pelleted and resuspended in an equal volume of 85 mM NaCl, and aliquots (0.2 ml) were added to 4 ml of molten 0.7% agar and overlaid on a minimal plate. After the agar had solidified, 100 pmol of thiamine, THZ, or HMP was spotted on of the plate. HMP was kindly provided by Tadhg Begley, Cornell University.
␤-Galactosidase assays. ␤-Galactosidase assays were performed by the method of Miller (26) as reported previously (15) . A ␤-galactosidase unit is defined as nanomoles of o-nitrophenyl-␤-D-galactopyranoside hydrolyzed per minute. Data presented represent averages of at least four experiments, each performed in duplicate with a standard deviation of Ͼ15%.
Plasmid manipulation. Plasmid pVJS717 carrying a PstI-HindIII fragment containing the entire E. coli thi cluster was obtained from Valley Stewart (34) . Plasmid DNA was purified by using a QIAPrep Spin Plasmid kit (Qiagen, Chatsworth, Calif.) and introduced into strains by electroporation. Electroporation was performed with an E. coli Pulser (Bio-Rad Laboratories, Richmond, Calif.).
DNA sequencing. Nucleotide sequences flanking the thiC918::MudJ and the thiH910::MudJ were determined with an extension of the protocol for mapping using Mud-P22. The conversion of MudJ to a MudP derivative, induction of prophages, and isolation of phage DNA were performed as described previously (4, 39) . Dideoxy sequencing (32) was performed with a Sequitherm Cycle Sequencing kit (Epicentre Technologies, Madison, Wis.). The sequence of the MudP primer used was 5Ј-ATCCCGAATAATCCAATGTCC-3Ј.
Localization of thiC541::Tn10. The location of thiC541::Tn10 was determined by PCR mapping as previously described (7). Amplification between two primers was performed by using Vent (exo Ϫ ) polymerase (New England Biolabs, Inc., Beverly, Mass.) in a Thermolyne Temp-Tronic Thermocycler. PCR conditions were denaturation at 95ЊC, annealing at 55ЊC, and extension at 72ЊC for 1 min each. Two separate experiments placed this element 1.6 kb from the start of thiC and 600 bp downstream from thiC918::MudJ, respectively.
Two primers, ThiC(0) ϩ and Tn10-I, were used to amplify the region between the start of thiC and thiC541::Tn10 and resulted in a fragment of approximately 1.6 kb (thiC is 1.89 kb [34] ). ThiC (0) ϩ (5Ј-TAACCCGCCGCGAGCAGC-3Ј) hybridizes 16 bp from the start codon of thiC, and Tn10-I (5Ј-GACAAGATGT GTATCCACCTTAAC-3Ј) is specific to the 66-bp inverted repeat of the Tn10 insertion sequence (36) .
An additional amplification was performed between thiC541::Tn10 and thiC 918::MudJ, using the Tn10-I and MuL primers, and resulted in a fragment of approximately 600 bp. MuL (5Ј-ATCCCGAATAATCCAATGTCC-3Ј) hybridizes to the left end of the MudJ insertion (19) .
RESULTS

Isolation and nutritional characterization of thi auxotrophs.
To identify genes involved in thiamine biosynthesis, 25 mutants with an auxotrophic requirement for thiamine were isolated via MudJ mutagenesis. To localize the mutations in these strains, transductional linkages to thiC541::Tn10 (min 90) and thiI 887::Tn10d (min 10) (14) . To do this, P22 lysates were grown on each of these two strains and used to transduce the 25 unknown mutants to Tc r . The Tc r transductants were then scored for Km s , which indicated a loss of the MudJ insertion. Fourteen of 25 mutations were assigned to the major thi cluster at min 90, as judged by a greater than 80% transductional linkage of these MudJ insertions to thiC541::Tn10. Each of these mutants was complemented by pVJS717, which carries a wild-type copy of the entire E. coli thiCEFGH cluster (34) . An additional 7 of 25 mutations were closely linked to thiI 887::Tn10d(Tc), placing them at min 10 on the genetic map. Mutation thi-906::MudJ, in strain DM456, was mapped by transductional linkage to 46 min and was presumed to be in thiM (30) . The remaining three mutations were not linked either to the represented loci or to each other and were not characterized further.
On the basis of the general screen for mutants requiring thiamine, we expected three phenotypic classes among our mutants, THZ (thiazole requiring), HMP (pyrimidine requiring), and THI (thiamine requiring) (Fig. 1) . To determine the defective part of the thiamine biosynthetic pathway in each of the mutants, nutritional tests were performed. Twenty-two of 25 mutants required only the thiazole moiety of thiamine for FIG. 1. Biosynthetic routes for the synthesis of TPP. A schematic shows the independent biosynthetic routes which produce THZ and HMP, respectively. The enzymatic steps which lie between pyruvate, triose-P, and THZ and also between AIR and HMP are unknown. These two precursors are phosphorylated in reactions catalyzed by the indicated gene products, and finally THZ-P and HMP-PP are joined by ThiE to generate TMP. TMP is phosphorylated by ThiL to generate the active cofactor, TPP. The contributions of both the de novo purine biosynthetic pathway and the alternative pyrimidine biosynthetic pathway to the formation of AIR are depicted.
full growth on minimal medium. The remaining three mutants, DM453 (thi-903::MudJ), DM95 (thiC918::MudJ), DM456 (thi-906::MudJ), required the complete thiamine molecule for growth.
Strikingly absent were any mutants satisfied by HMP. We verified that the HMP that we had (kindly supplied by Tadhg Begley) was biologically active by confirming that it could satisfy the thiamine requirement of appropriate purine biosynthetic mutants (e.g., purG, -D, and -I mutants) (29) .
Transcriptional regulation of thi genes. Because our mutant searches used MudJ transcriptional fusions, we tested lacZ expression. Eight of the 14 mutants in the min 90 thi cluster and 2 of the 7 mapping to min 10 contained fusions transcribed from the respective thi promoter. To determine if any of the affected genes were transcriptionally regulated, we tested these strains on X-Gal plates. The mutants tested (DM62, DM66, DM67, DM95, DM410, DM431, DM453, DM460, DM464, and DM467) fell into two classes. Mutants with lesions in the min 90 cluster showed evidence of repression by thiamine, while mutants mapped to min 10 did not. The regulatory effect of thiamine in early-log-phase cultures of these strains with cells grown in NB and NB with 100 M thiamine added (Table 2) showed that the locus at min 90 is transcriptionally repressed in the presence of thiamine. Unlike the case for the thi cluster, transcription of the gene(s) at min 10 was not affected by exogenous thiamine addition (Table 2, DM410 and DM66). Growth in NB represents conditions of limiting thiamine (data not shown).
Because of concerns with interpreting regulatory results in an auxotrophic strain, a prototrophic duplication strain was constructed as described in Materials and Methods for monitoring transcription of the thi cluster. Assays with strain .................................................................................................. a Cells from a full-density NB culture were inoculated into NB and NB with thiamine added to 100 M and grown to an OD 650 of ϳ0.3. ␤-Galactosidase assays were performed in duplicate as described in Materials and Methods.
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confirmed that thiamine had a negative regulatory effect on transcription of the thi genes at min 90 in defined medium. ␤-Galactosidase activity in DM1679 grown in minimal medium was reduced 13-fold when the medium was supplemented with 100 M thiamine (12 U when thiamine was present and 160 U in medium lacking thiamine). Similar results were obtained when pVJS717 was present in the fusion strains to provide a wild-type copy of thiCEFGH. The latter merodiploid strain was used to show that maximal repression occurs at 15 nM exogenous thiamine (data not shown).
Evidence for a thi operon at min 90. Vander Horn et al. proposed that the five thi genes located at min 90 comprised an operon in E. coli, with thiC being the promoter-proximal gene (34) . To test for polarity effects, which would indicate an operon structure in S. typhimurium, we constructed double mutants containing MudJ insertions which mapped to the thi cluster and thiC541::Tn10. PCR analysis determined the thiC541::Tn10 insertion to be approximately 400 bp from the end of thiC (see Materials and Methods).
Seven MudJ insertions tested fell into two classes. In the first class (five mutants), the presence of the thiC541::Tn10 reduced transcription of the MudJ fusion between six-and sevenfold (Table 3 , class I). Transcription of thi-903::MudJ and thiC918:: MudJ was reduced less than 0.4-fold by the presence of the Tn10 element (Table 3 , class II). We noted that the two fusions whose expression was not affected by the Tn10 element were those which caused a THI requirement, the phenotype expected for mutants of thiE (3, 34) . If the gene organization described in E. coli were the same in S. typhimurium, mutations in thiE would be downstream of thiC, and thus the thi C541::Tn10 element should have strong polar effects on thiE transcription. Our polarity results were inconsistent with this, and we considered the possibility that thi-903::MudJ and thiC918::MudJ were alleles of thiC, upstream of thiC541::Tn10 and absolutely polar on the downstream genes, including thiE. To address this possibility, the sequences adjacent to the thiC918::MudJ insertion were determined. On the basis of homology with the E. coli sequence, we placed the thiC918:: MudJ insertion within thiC and confirmed that it was upstream of thiC541::Tn10. Thus, the different nutritional phenotypes of thiC541::Tn10 and thiC918::MudJ can be accounted for by the existence of promoters in the Tn10 known to reduce polarity of Tn10 insertions (9) .
We also determined the sequences adjacent to the thiH910:: MudJ and found this insertion to be in thiH, the most downstream gene. These results were consistent with our polarity and nutritional data and support the presence of a thi operon in S. typhimurium with gene organization similar to that described for E. coli. These data are summarized in Fig. 2 .
Isolation of mutants affecting the regulation of the thi cluster at min 90. To identify components of the thi regulatory system, we attempted to isolate mutants with altered regulation of the thi cluster. Initially we sought to generate constitutive mutants by insertion mutagenesis. To do this, strain DM62 (thi-884::MudJ) was transduced to Tc r by using a P22 lysate grown on a pool of cells containing Ͼ70,000 independent Tn10d(Tc) insertions. Tc r transductants were screened visually for increased ␤-galactosidase activity as indicated by increased blue color on X-Gal plates supplemented with 100 M thiamine. No clones with increased ␤-galactasidase activity were isolated from approximately 40,000 Tc r clones. To address the possibility that constitutive mutants could not be generated by insertion, we carried out a similar mutant hunt using the lysate on the Tn10d(Tc) pool after it had been mutagenized with hydroxylamine to generate point mutations. This approach yielded two mutants from approximately 20,000 Tc r clones screened. The two mutations responsible for this phenotype were designated thiR927 and thiR932. The inherited Tn10d (Tc) in each case [zaj-8084::Tn10d(Tc) and zaj-8071::Tn10d (Tc)] was found to be ϳ95% transductionally linked to a mutation presumed to be responsible for the observed regulatory effect.
Map position of the thiR locus. The thiR locus was mapped fortuitously during strain construction when it was found that both zaj-8084::Tn10d(Tc) and zaj-8071::Tn10d(Tc) were ϳ80% linked to mutations mapping at min 10, a region reported to contain two thi genes, thiI and thiL. Because the thiR mutations isolated were presumed to be point mutations, it was possible that the phenotype of a null mutation in this locus resulted in a thiazole auxotrophy such as that seen with insertions in thiI. To address the possibility that thiR and thiI mutations affected the same locus, we built a strain containing both mutations. a Cells from a full-density NB culture were inoculated into NB and grown to an OD 650 of ϳ0.3. Cells were pelleted and resuspended in NaCl (85 mM), and ␤-galactosidase assays were carried out in duplicate as described in Materials and Methods.
this with thiL, since such mutations did not exist in S. typhimurium.
Mutations in thiR reduce repression by thiamine. The screen used to isolate thiR mutants predicted that they would have elevated transcription of the thi genes. To verify this prediction, two pairs of isogenic strains with and without thiR927 (DM944, DM945, DM947, and DM946) were constructed. In experiments similar to those described in Table 2 , these four strains were monitored for regulation by exogenous thiamine in nutrient medium. The results of these experiments (Table 4) suggest that the thiR927 mutation acts to reduce the negative effect of thiamine on thiCEFGH transcription. To analyze these effects in defined medium, the thiR927 mutation was transduced into merodiploid strain DM1679. Results of assays performed on isogenic strains DM1749 {zaj-8048:: (Table 5) .
TPP represses transcription in a thiR background. In seeking to understand the role of ThiR in the regulation of thi genes, we noticed that the thiR locus maps in the same area as the thiL locus identified in E. coli (22) . The thiL locus encodes TMP kinase, the enzyme responsible for generating TPP, the coenzymatic form of thiamine, from thiamine phosphate, the end product of de novo synthesis (5) . We considered the possibility that the regulatory mutants that we had isolated were alleles of thiL with reduced synthesis of TPP. If TPP were the effector molecule, these mutants might be expected to be altered in the regulation of thi transcription. To address this point, the effects of thiamine and its phosphoesters on transcription of the thi operon in strains DM1749 (thiR ϩ ) and DM1750 (thiR) were tested. The results in Table 5 show that exogenous thiamine and thiamine phosphate are unable to completely repress transcription in a thiR927-containing strain, yet TPP caused full repression. This result is consistent with the hypothesis that thiR mutations are alleles of thiL. If thiR mutants were defective in the TMP kinase activity, one might expect them to require higher levels of thiamine to support optimal growth. We have been unable to show such a requirement (data not shown). Characterization of the thiL locus in S. typhimurium is necessary to rigorously demonstrate an allelic connection between thiL and thiR mutations.
DISCUSSION
In isolating mutants defective in thiamine synthesis, we isolated two of the three phenotypic classes expected: thiazole requiring and thiamine requiring. However, we failed to isolate mutants which required the pyrimidine moiety of thiamine. To date, thiC remains the only gene required for the synthesis of HMP. The predicted conversion of AIR to HMP would seem to involve more than one enzyme (16, 18, 38) . While it is possible we did not find mutations in these enzymes because their genes lie in complex operons in which polarity would be lethal, we suggest that there may be more than one set of reactions that convert AIR to HMP.
Data for transcriptional fusions confirm the existence of an operon structure in S. typhimurium at the min 90 thi cluster. We found no evidence of internal promoters which had been suggested to exist in E. coli (34) . Incompletely polar Tn10 insertions in thiC have a nutritional requirement for both thiazole and pyrimidine, not thiamine. These data are consistent with the ThiE enzyme being required at low levels for thiamine synthesis.
Data presented herein demonstrate that transcription of the thi operon at min 90 is affected by exogenous thiamine and its phosphesters. Our results indicate that TPP is the effector molecule and that exogenously added thiamine or thiamine phosphate is converted to TPP to exert observed repression of thiCEFGH transcription. This model is reasonable in light of the fact that TPP is the biologically active form of thiamine. Interestingly, transcriptional regulation is not seen with the thi gene(s) located at min 10. The reason for this regulatory difference may become clear once the enzymatic pathway for thiamine synthesis has been determined.
We have isolated point mutants which affect the transcriptional regulation of the thi operon. These mutations map at min 10 on the S. typhimurium chromosome, and we suggest that they may be alleles of the thiL gene encoding thiamine phosphate kinase. Confirmation of this hypothesis has been slowed by the lack of mutants of thiL in S. typhimurium. We have found that thiR mutations are recessive to a plasmid clone of the min 10 region (37). However, further analysis of this clone is required before we can conclude that it contains thiL. If this hypothesis is borne out with further work, it predicts the existence of a regulatory protein which mediates the transcriptional regulation at the thi cluster. a Cells from a full-density NB culture were inoculated into NB and NB with 100 M thiamine added and grown to an OD 650 of ϳ0.3; ␤-galactosidase was assayed in duplicate as described in Materials and Methods. a Strains were grown overnight in minimal medium containing ampicillin. Aliquots of 0.2 ml were inoculated into 5 ml of minimal ampicillin medium containing 100 M of the appropriate thiamine phosphoester, and cultures were grown to an OD 650 of 0.3 to 0.4. ␤-Galactosidase was assayed in duplicate as described in Materials and Methods. 
